Introduction
============

Breast cancer is one of the most commonly diagnosed cancers and the second leading cause of cancer-related mortality in women. Indeed, breast cancer alone accounts for 29% of all new cancer cases in women [@B1]. Triple-negative breast cancer (TNBC) is a breast cancer subtype that lacks estrogen receptor (ERα), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) expression, and it accounts for 10-24% of invasive breast cancer cases. Compared to patients with other breast cancer subtypes, TNBC patients are usually younger and have poorer survival regardless of tumor stage [@B2]. Traditional targeted therapies have little success or even fail to benefit TNBC patients [@B3]. Given the lack of effective targeted therapeutics for TNBC patients, the development of new treatment regimens is urgently needed.

ML264 was originally identified as an inhibitor of Krüpple-like factor 5 (KLF5), an oncogenic transcription factor highly expressed in colorectal cancer [@B4]. It has been reported that ML264 potently inhibits KLF5 expression, thereby reducing the proliferation of colon cancer cell lines and the growth of xenografts in mice [@B4]. Our previous studies have demonstrated that KLF5 also promotes the proliferation, survival, migration and invasion of TNBC cells, indicating that KLF5 may be a therapeutic target in this breast cancer subtype [@B5]-[@B9]. Inhibition of KLF5 by small molecular inhibitors such as curcumin and mifepristone suppresses bladder and breast cancers [@B10]-[@B12]. Therefore, ML264 may inhibit the proliferation of TNBC.

Endoplasmic reticulum (ER) stress plays an important role in drug-induced apoptosis. The accumulation of misfolded glycoproteins in the ER, as well as stressors such as chemotherapeutics and hypoxia, trigger the unfolded protein response (UPR) to maintain ER homeostasis. PKR-like ER stress kinase (PERK), inositol-requiring transmembrane kinase and endonuclease 1α (IRE1α), and activating transcription factor 6 (ATF6) are three primary UPR sensors that lead to distinct downstream signaling pathways [@B13]. Upon activation, these proteins dissociate from immunoglobulin binding protein (BIP) to protect cells from apoptosis [@B14]. However, prolonged ER stress induces apoptosis to eliminate damaged cells [@B15], [@B16]. Apoptosis is mediated by transcriptional activation of C/EBP homologous protein (CHOP) and c-JUN NH~2~-terminal kinase (JNK). In addition, cleaved caspase-3 is the executioner caspase in ER stress-mediated apoptosis [@B17].

In this study, we synthesized 24 novel derivatives of ML264. YD277 was identified as the most potent derivative, demonstrating at least 10-fold enhanced efficacy in TNBC cell lines compared to ML264. Interestingly, YD277 did not appear to function through inhibition of KLF5 expression in breast cancer cells. In addition, YD277 remarkably decreased the protein levels of Bcl2, Bclxl and CyclinD1 and activated the ER stress pathway. Furthermore, knockdown of IRE1α significantly reduced YD277-induced apoptosis. These findings suggest that YD277 has potential as a therapeutic agent for TNBC.

Materials and Methods
=====================

Cell lines and reagents
-----------------------

All cell lines used in this study were purchased from the American Type Culture Collection (ATCC, Manassas, Virginia, USA) and validated by Short Tandem Repeat (STR) analysis. MCF7 and HCT116 cells were maintained in minimum essential medium (MEM), and McCoy\'s medium, respectively. MDA-MB-231 cells were cultured Ham\'s F12. SUM149PT cells were cultured Ham\'s F12 with 5 μg/ml insulin and 500 ng/ml hydrocortisone. MDA-MB-468 and NIH3T3 cells were cultured in DMEM (high glucose), whereas T-47D, MDA-MB-453, Hs578T, HCC1806, HC11 and HCC1937 cells were maintained in RPMI-1640. MCF10A cells were cultured in DMEM/F12 with 5 μg/ml insulin and 10 ng/ml cholera toxin. All media were supplemented with 1% penicillin/streptomycin and 10% FBS.

YD277 and other novel derivatives were designed and synthesized in the laboratory of Dr. Jia Zhou at the University of Texas Medical Branch through the chemical modification of various ML264 pharmacophoric moieties. The reference compound, ML264 [@B18], was also synthesized by Dr. Zhou\'s group. The structures of these compounds are listed in Supplementary Table [1](#SM1){ref-type="supplementary-material"}. YD277 was dissolved in DMSO and diluted in normal saline for cell culture studies.

Cell viability and proliferation assays
---------------------------------------

Sulforhodamine B (SRB, Sigma, St. Louis, MO) assays were performed to measure cell viability. HCT116, MDA-MB-231 and HCC1806 cells were seeded in 96-well plates at 4000 cells/well. After 24 h, the cells were treated with ML264 or its 24 novel derivatives at a concentration of 10 μM. DMSO was used as the negative control. To measure the half maximal inhibitory concentration (IC~50~), cancer cells were seeded in 48-well plates at 2.5×10^4^cells/well. Twenty-four hours later, the cells were treated with different concentrations of YD277 (10-0.3 μM) for 48 h. The cells were then fixed with 100-200 μl of 10% trichloroacetic acid (TCA, Sigma) for 60 min, washed 5 times with deionized water and air dried. The cells were then stained with 50-100 μl of 0.4% (w/v) SRB in acetic acid for 5 min. Then, the plates were washed 5 times with 1% acetic acid and dried. Finally, 100-200 μl of 10 mM Tris base was added to each well. Optical densities at 530 nm were measured using an Epoch microplate reader (BioTek, Winooski, VT, USA). Each experiment was performed in triplicate and repeated.

DNA synthesis was detected in MDA-MB-231 and MDA-MB-468 cells with the Click-iT EdU Microplate Assay kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. Ten fields for each sample were randomly captured. EdU-positive and DAPI-positive cells were counted using Image-Pro Plus 6.0 software (IPP, Media Cybernetics, Inc.).

Cell cycle and apoptosis analyses
---------------------------------

MDA-MB-231 and MDA-MB-468 cells were seeded in 12-well plate at 2.5×10^5^cells/well. After 24 h, the cells were treated with YD277 at 1, 3 and 10 μM for 36 h. For cell cycle analyses, harvested cells were suspended in 200 μl PBS with 0.6% NP-40, 2 mg/ml RNase, and 0.1 mg/ml propidium iodide (PI, eBioscience, San Diego, CA, USA) for 30 min at 37°C in dark. Alternatively, the cells were stained with Annexin V and PI for apoptosis analyses. All cells were analyzed on an Accuri C6 flow cytometer (BD, San Jose, CA, USA).

Western blot (WB)
-----------------

MDA-MB-231 and MDA-MB-468 cells were treated with YD277 in 6-well plates. The cells then were collected in lysis buffer containing protease inhibitors (P8340, Sigma). The cell lysates were centrifuged and the supernatants were collected, mixed with sample loading buffer and boiled for 5 min. The samples were then subjected to SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were incubated with diluted primary antibodies (Supplementary Table [2](#SM1){ref-type="supplementary-material"}) and HRP-conjugated secondary antibodies (eBioscience). Western Lighting Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Shelton, CT, USA) and an ImageQuant LAS 4000 biomolecular imager (GE Healthcare) were used to visualize the expression levels of specific proteins [@B19].

RNA interference
----------------

Cells were transfected with 50 nm of siRNA oligos (RiboBio Co. Ltd., Guangzhou, China) using Lipofectamine^TM^2000 (Invitrogen) according to the manufacturer\'s instructions. A Luc siRNA was used as the negative control. Twenty-four hours after transfection, the cells were treated with different concentrations of YD277 (0.3-10 μM) for 48 h.

Tumorigenesis
-------------

Animal studies were approved by the institutional ethics committee of Kunming Institute of Zoology, Chinese Academy of Sciences. Eighteen nude mice were purchased from SJA Lab Animal Co., Ltd. (Changsha, China) and were housed in an SPF animal facility. MDA-MB-231 cancer cells were injected subcutaneously into the left and right flanks of 6-week old female nude mice (1×10^6^ cells/spot). Tumor volumes were measured with calipers and calculated using established methods [@B20]. When tumors reached a volume of approximately 10-20 mm^3^, the mice were randomly divided into two groups. Ten mice were treated with YD277 (15 mg/kg) and 8 mice were treated with the vehicle solution (sesame oil) as the negative control. All mice were injected intraperitoneally (i.p.) every two days. In addition, the mice were weighed and the tumor volumes were measured every 4 days. This experiment was terminated when tumor maximum size reached approximately 1 cm in diameter, at which point the tumors were isolated and weighed.

Statistical analysis
--------------------

Statistical analyses were conducted with GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA). All data are presented as the mean ± SD. Differences between groups were identified using Student\'s t-test. p\<0.05 was considered statistically significant.

Results
=======

YD277 is the most potent anti-cancer compound among the tested ML264 derivatives
--------------------------------------------------------------------------------

To develop novel potential drugs for KLF5-positive basal-like breast cancer, we synthesized a series of ML264 derivatives by chemically modifying its various pharmacophoric moieties. We then compared the cytotoxicity of these derivatives to that of ML264 in the colon cancer cell line, HCT116 (KLF5-positive), and two breast cancer cell lines, including MDA-MB-231 (KLF5-negative) and HCC1806 (KLF5-positive). All cells were treated with each compound (10 μM) for 48 h, and an SRB assay was then performed. Of the 24 derivatives, YD277 (\#12) exhibited the most potent cytotoxicity in all three cancer cell lines regardless of KLF5 status (**Fig. [1](#F1){ref-type="fig"}A**). YD277 was also more potent than the reference compound, ML264 (\#4, Fig. [1](#F1){ref-type="fig"}B), and had similar effects to the chemotherapeutic drug, doxorubicin, in these cancer cells (**Fig. [1](#F1){ref-type="fig"}A**).

We next measured IC~50~ of YD277 in 13 different cell lines, including 7 TNBC cell lines, 2 ERα-positive breast cancer cell lines, 1 colon cancer cell line, and 3 control cell lines. The IC~50~ values in all cancer cell lines are located within the 1.5-10 μM range, indicating that YD277 does not exhibit cell type specificity. Immortalized MCF10A breast epithelial cells were also sensitive to YD277 (IC~50~= 8.5 μM), whereas normal HC11 breast epithelial cells [@B21] and NIH-3T3 mouse fibroblasts were more resistant (IC~50~= 20 μM and 35 μM, respectively) than the cancer cell lines (**Table [1](#T1){ref-type="table"}**). The IC~50~values of ML264 in most of these cell lines were greater than those of YD277 (Supplementary Table [3](#SM1){ref-type="supplementary-material"}).

YD277 decreases cancer cell viability in a KLF5-independent manner
------------------------------------------------------------------

Our previous studies suggest that KLF5 is a target in basal-like breast cancer cell lines [@B5]-[@B9]. ML264 was originally developed as a KLF5 inhibitor [@B18]. However, the ML264 derivative YD277 exhibited more potent cytotoxicity in both KLF5-positive (SUM149PT, MDA-MB-453, MDA-MB-468, HCC1937, HCC1806, HCT116 and MCF10A) and KLF5-negative (MCF7, T-47D, MDA-MB-231 and Hs578T) cell lines, indicating that YD277 functions independently of KLF5 expression status.

To test whether YD277 inhibits KLF5 in a manner similar to that of ML264, we treated three KLF5-positive cancer cell lines, HCT116, MDA-MB-468 and HCC1806, with ML264 and YD277 for 24 h and measured KLF5 protein expression levels by WB. As shown in **Fig. [1](#F1){ref-type="fig"}C**, ML264 reduced the protein expression levels of KLF5 in HCT116 cells, which is consistent with a previous study [@B4]. In breast cancer cell lines, ML264 reduced the expression levels of KLF5 protein in MDA-MB-468 cells, but not in HCC1806 cells. These results suggest that ML264 reduces KLF5 expression in a cell line-specific manner. Importantly, YD277 did not decrease KLF5 protein levels in HCT116, MDA-MB-468 or HCC1806 cells (**Fig. [1](#F1){ref-type="fig"}C**), suggesting that YD277 decreases cancer cell viability independently of reducing KLF5 expression.

YD277 inhibits DNA synthesis in MDA-MB-231 and MDA-MB-468 TNBC cells
--------------------------------------------------------------------

To determine whether YD277 inhibits cancer cell proliferation, we performed an EdU assay to visualize the effects of YD277 on DNA synthesis in MDA-MB-231 and MDA-MB-468 cells. We selected these two TNBC cancer cell lines because they are relatively more sensitive to YD277. MDA-MB-231 represents the KLF5-negative claudin-low triple-negative subtype, whereas MDA-MB-468 represents the KLF5-positive basal-like subtype. YD277 (3 μM and 10 μM) significantly decreased DNA synthesis in both cancer cell lines in a dose-dependent manner (**Fig. [2](#F2){ref-type="fig"}**). However, the reference compound ML264 (10 μM) did not decrease DNA synthesis in either cancer cell lines (**Fig. [2](#F2){ref-type="fig"}**).

YD277 induces G1 cell cycle arrest in MDA-MB-231 and MDA-MB-468 cells
---------------------------------------------------------------------

Given that YD277 inhibits cancer cell DNA synthesis, we wondered whether YD277 causes cell cycle arrest. We treated MDA-MB-231 and MDA-MB-468 cells with YD277 (1, 3, and 10 μM) for 36 h and analyzed their cell cycle profiles by PI staining. As shown in **Fig. [3](#F3){ref-type="fig"}A-B**, in both cancer cell lines, YD277 (10 μM) significantly increased the percentage of cells in G1 phase compared to cells treated with DMSO. In agreement with the cell cycle results, YD277 dramatically reduced the expression levels of Cyclin D1 and increased the expression levels of p21 and p27 (**Fig. [3](#F3){ref-type="fig"}C**). By contrast, ML264 (10 μM) did not induce G1 cell cycle arrest and change the expression of these cell cycle regulatory proteins (**Fig. [3](#F3){ref-type="fig"}**).

YD277 induces apoptosis in MDA-MB-231 and MDA-MB-468 cells
----------------------------------------------------------

YD277 (10 μM) induced considerable apoptosis (**Fig. [4](#F4){ref-type="fig"}A**). To test whether YD277 induces apoptosis in TNBC cell lines, we treated MDA-MB-231 and MDA-MB-468 cells with YD277 (1-10 μM) for 36 h and stained the cells with Annexin V and PI. By flow cytometry, YD277 significantly increased the proportion of Annexin V-positive apoptotic cells in a dose-dependent manner (**Fig. [4](#F4){ref-type="fig"}B-D).**These data indicate that YD277 induces apoptosis in TNBC cells.

YD277 regulates the expression levels of apoptosis-related proteins
-------------------------------------------------------------------

To investigate the mechanism by which YD277 induces apoptosis, we examined the expression levels of apoptosis-related proteins by WB. As shown in **Fig. [5](#F5){ref-type="fig"}A**, in both MDA-MB-231 and MDA-MB-468 cells, YD277 dramatically reduced the expression levels of Bcl-2 and Bcl-xl and increased the expression levels of cleaved Caspase-9, 7, 3 and cleaved PARP in a dose-dependent manner. When we treated MDA-MB-231 cells with the caspase inhibitor zVAD, YD277-induced cell viability loss was significantly but not completely blocked (Fig. [S1](#SM1){ref-type="supplementary-material"}), suggesting that caspase activation plays an important role in YD277 induced apoptosis.

We noticed that YD277 did not cause the cleavage of caspase-8 (Fig. [5](#F5){ref-type="fig"}A), an initial caspase in the extrinsic apoptotic pathway. We did not observe any cleavage of BID (Fig. [S2](#SM1){ref-type="supplementary-material"}). DR4/5 and Bak/Bax were not up-regulated by YD277 (Fig. [S2](#SM1){ref-type="supplementary-material"}). To further test whether YD277 induces apoptosis through the intrinsic apoptotic pathway, we overexpressed Bcl2/Bclxl in MDA-MB-231 cells and treated the cells with YD277. As shown in Fig. [S3](#SM1){ref-type="supplementary-material"}, YD277-induced cell viability loss was significantly but not completely blocked, suggesting that loss of Bcl2/Bclxl plays an important role in YD277 induced apoptosis. This is consistent with the activation of caspase-9, an initial caspase in the intrinsic apoptotic pathway.

YD277 induces apoptosis through activating IRE1α, a key mediator in the ER stress pathway
-----------------------------------------------------------------------------------------

It is well known that activation of the ER stress pathway by small molecules may induce cancer cell apoptosis [@B22]. Therefore, we treated MDA-MB-231 and MDA-MB-468 cells with YD277 and examined a number of proteins related to ER stress (**Fig. [5](#F5){ref-type="fig"}B**). Interestingly, BIP, IRE1α, pJNK, p-c-Jun, and c-Jun were dramatically induced by YD277 in a dose-dependent manner, whereas PERK, CHOP and ATF6 exhibited no significant changes (**Fig. [5](#F5){ref-type="fig"}B**).

To test whether YD277 causes apoptosis through IRE1α, we knocked down IRE1α in MDA-MB-231 and MDA-MB-468 cells. In the absence of IRE1α, the IC~50~value was increased to greater than 8.5 μM (**Fig. [5](#F5){ref-type="fig"}C**). In the absence of IRE1α, YD277-induced apoptosis was almost completely blocked (**Fig. [5](#F5){ref-type="fig"} D-E**), suggesting that IRE1α plays a crucial role in YD277-induced apoptosis.

To characterize the mechanism by which YD277 induces the IRE1α expression, we treated MD-MB-231 cells with YD277 and measured the IRE1α mRNA levels by RT-qPCR. As shown in **Fig. [S5](#SM1){ref-type="supplementary-material"}A-B**, YD277 significantly increased the IRE1α mRNA levels in time and dose dependent manners. Furthermore, we demonstrated that actinomycin D completely blocked the induction of IRE1α by YD277 (**Fig. [S5](#SM1){ref-type="supplementary-material"}C**), suggesting that YD277 up-regulates IRE1α at the transcriptional level.

YD277 significantly inhibits the growth of MDA-MB-231 tumor xenografts in nude mice
-----------------------------------------------------------------------------------

Since YD277 suppressed TNBC cell proliferation and survival *in vitro*, we investigated its ability to suppress the growth of MDA-MB-231 tumor xenografts in nude mice. As shown in **Fig. [6](#F6){ref-type="fig"}**, YD277 (15 mg/kg) significantly suppressed the growth of MDA-MB-231 xenografts over the course of 20 days (**Fig. [6](#F6){ref-type="fig"}A**) compared to the vehicle control. In addition, YD277 did not affect mouse body weight (**Fig. [6](#F6){ref-type="fig"}B**). Tumors were harvested at the end of treatment (**Fig. [6](#F6){ref-type="fig"}C**), and an analysis of tumor weights indicated that YD277 significantly decreased tumor weights compared to the vehicle control.

Discussion
==========

TNBC is an aggressive malignancy with a poor prognosis than other breast cancer subtypes. Given that TNBC does not respond to endocrine therapy or other available targeted treatments, the development of more effective and safer anti-cancer drugs for TNBC is urgently needed. KLF5 is a therapeutic target in TNBC and bladder cancer because KLF5 promotes cancer cell proliferation, survival, migration and invasion. ML264 was identified as a KLF5 inhibitor that suppresses tumor growth of colorectal cancer. However, we found that the ability of ML264 to suppress TNBC was limited. It is imperative to develop ML264 derivatives, particularly for TNBC. Thus, we synthesized 24 new ML264 derivatives to identify potential anti-TNBC compounds.

In the present study, YD277 was identified as the most effective inhibitor against breast cancer among the tested ML264 derivatives. Unlike ML264, which leads to a significant increase in S-phase arrest in DLD-1 and HCT116 cells [@B18], YD277 suppressed TNBC cells by inducing G1-phase cell cycle arrest and reducing DNA synthesis. Consistent with these results, we observed that YD277 decreased Cyclin D1 expression and increased the expression of p21 and p27. It is well known that Cyclin D1 plays a key role in promoting the G1-S cell cycle transition. Additionally, YD277 reduced the expression of the anti-apoptotic proteins Bcl2 and Bclxl and induced apoptosis in TNBC cells. To our surprise, YD277, as a derivative of ML264, did not affect KLF5 but nevertheless exhibited an enhanced capacity to suppress TNBC cell lines. We also demonstrated that YD277 activates the ER stress pathway, namely by upregulating the expression of IRE1α, which is responsible for apoptosis. Finally, YD277 significantly inhibits tumor growth *in vivo* without reducing mouse body weight.

ER is the organelle in which secretory proteins are synthesized and folded. Perturbation of ER homeostasis affects protein folding and causes ER stress, shifting the cell to a pro-survival state. However, prolonged ER stress induces apoptosis to eliminate damaged cells. IRE1α has dual enzymatic activities, consisting of a serine/threonine kinase domain plus a C-terminal ribonuclease (RNase) domain. Upon ER stress, IRE1α RNase domain is activated to degrades ER-bound mRNAs, a process referred to as regulated IRE1-dependent decay that leads to cell death [@B23]. It has been previously shown that activated IRE1α on the ER membrane recruits TNF receptor-associated factor 2 (TRAF2), thus activating JNK and inducing cell death [@B10], [@B24]. In addition, overexpression of IRE1α induces apoptosis in HeLa cells [@B25]. YD277 activates ER stress-mediated apoptosis in TNBC cell lines by significantly inducing IRE1α transcription, and it led to JNK activation in a dose-dependent manner. We also show that TNBC cell lines were resistant to YD277-induced ER stress and apoptosis when IRE1α was depleted by siRNA. Thus, IRE1α plays a key role in YD277-induced apoptosis. Additionally, we found that YD277 also inhibited the activation of AKT (Fig. [S4](#SM1){ref-type="supplementary-material"}). Nevertheless, the direct target of YD277 and the mechanism by which YD277 induces IRE1α expression is still unknown and requires further investigation.

Our study shows that YD277 has no effect on mouse body weight after 20 days of treatment. This result may suggest that YD277 has low toxicity. However, detailed investigations of *in vivo*YD277 toxicity should be undertaken in the future.

In summary, we found that the novel ML264 derivative YD277 inhibits TNBC cell proliferation and tumor growth in nude mice and induces G1 cell cycle arrest and apoptosis. This compound exhibits a more than 10-fold increase in efficacy compared to the reference compound ML264. The mechanism by which YD277 inhibits TNBC may involve the induction of IRE1α, p-JNK, p-c-Jun, p21, and p27, activation of caspase-9, 7, 3, as well as the down-regulation of Cyclin D1, Bcl2, and Bclxl. The induction of IRE1α is essential for YD277-mediated apoptosis in TNBC. Therefore, YD277 has potential as a candidate drug for human TNBC and other cancers.
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![**YD277 is the most potent anti-cancer compound among the tested ML264 derivatives A.** HCT116, MDA-MB-231 and HCC1806 cells were treated with each compound (10 μM) for 48 h and an SRB assay was performed. DMSO and Doxorubicin were used as the negative and positive controls, respectively, and ML264 (\#4) was used as the reference compound. YD277 (\#12) exhibited the greatest cytotoxicity among all of the compounds tested. **B.**The molecular structures of ML264 and YD277. **C.**YD277 did not inhibit KLF5 expression in cancer cells. Three KLF5-positive cancer cell lines (HCT116, MDA-MB-468 and HCC1806) were treated with ML264 (10 μM) or YD277 (5 μM) for 24 h. The expression levels of KLF5 protein were measured by WB and GAPDH normalized quantitative data were shown below the blot. ML264 inhibited KLF5 protein expression in HCT116 and MDA-MB-468 cells.](thnov07p2339g001){#F1}

![**YD277 inhibits DNA synthesis in MDA-MB-231 and MDA-MB-468 TNBC cells A.** MDA-MB-231 and MDA-MB-468 cells were treated with YD277 (3 and 10 μM) for 24 h. DMSO and ML264 (10 μM) were used as controls. DNA synthesis was measured using an EdU incorporation assay. **B.** Quantitative data for the EdU incorporation assay in MDA-MB-231 cells. Percentages of EdU-positive proliferating cells out of total cells are presented. Data represent the mean ± SD (n=3). \*p \< 0.05, \*\*p \< 0.01. **C.**Quantitative data for the EdU incorporation assay in MDA-MB-468 cells.](thnov07p2339g002){#F2}

![**YD277 induces G1 cell cycle arrest in MDA-MB-231 and MDA-MB-468 cells A.** The cell cycle distributions of MDA-MB-231 and MDA-MB-468 cells after YD277 treatment. The cells were treated with YD277 at 1, 3 and 10 μM as indicated for 36 h. The cells were stained with propidium iodide (PI) for 30 min at 37°C in dark and subjected to flow cytometer analysis. ML264 was used as the control, which induced S and G2/M phase arrest. **B.**Compared to DMSO and ML264, YD277 (10 μM) significantly increased the percentage of MDA-MB-231 and MDA-MB-468 cells in G1 phase. Each experiment was conducted in triplicate and data are presented as the mean ± SD (n=3). \*p \< 0.05, \*\*p \< 0.01. **C.** MDA-MB-231 and MDA-MB-468 cells were treated with YD277, ML264, or DMSO for 36 h, and the expression levels of cell cycle related proteins, such as Cyclin D1, p21, and p27, were detected by WB. GAPDH normalized quantitative data were shown below each blot.](thnov07p2339g003){#F3}

![**YD277 induces apoptosis in MDA-MB-231 and MDA-MB-468 TNBC cells A.** The morphology of MDA-MB-231 and MDA-MB-468 cells changed dramatically after 36 h of treatment with YD277 (10 μM). **B.**YD277 induces apoptosis in MDA-MB-231 and MDA-MB-468 cells in a dose-dependent manner as measured by Annexin V staining and flow cytometry analysis. **C.**Proportions of Annexin V-positive MDA-MB-231 cells. The data are presented as the mean ± SD (n=3). \*\*p \< 0.01, \*\*\*p \< 0.001. **D.**Proportions of Annexin V-positive MDA-MB-468 cells.](thnov07p2339g004){#F4}

![**YD277 regulates the expression levels of apoptosis-related proteins and activates the ER stress pathway A.** MDA-MB-231 and MDA-MB-468 cells were treated with YD277, ML264, or DMSO for 36 h, and the expression levels of apoptosis-related proteins were detected by WB. GAPDH normalized quantitative data for Bcl2 and Bcl-xL were shown below their panel. **B.**MDA-MB-231 and MDA-MB-468 cells were treated with drugs for 36 h, and WB was performed to detect the expression levels of proteins in the ER stress pathway. GAPDH normalized quantitative data were shown below their panel. P-JNK and p-c-Jun were normalized to JNK and c-Jun, respectively. **C.**IRE1α depletion dramatically increased the IC~50~ values of YD277 in both MDA-MB-231 and MDA-MB-468 cells. The cells were transiently transfected with 50 nM siRNA against IRE1α for 24 h and subsequently treated with YD277 for 48 h. Cell viability was measured using the SRB assay. **D.**Knockdown of IRE1α blocked YD277 (4 μM)-induced apoptosis as measured by Annexin V staining and flow cytometry analysis. Data are presented as the mean ± SD (n=3). \*\*p \< 0.01. **E.** IRE1α depletion in both MDA-MB-231 and MDA-MB-468 cells abolished YD277-induced PARP cleavage and JNK activation, as measured by WB. GAPDH normalized quantitative data were shown below their panel. p-JNK was normalized to JNK.](thnov07p2339g005){#F5}

![**YD277 significantly inhibits the growth of MDA-MB-231 tumor xenografts in nude mice A.** Over the course of 20 days, YD277 (15 mg/kg) significantly suppressed the growth of MDA-MB-231 tumor xenographs compared to the vehicle control. **B.**YD277 did not reduce mouse body weights. **C.**Photographs of the tumors collected following 20 days of treatment with vehicle or YD277. Tumor weights are also presented (n=16). \*\*p \< 0.01. Only 14 tumors are shown after we removed outliers.](thnov07p2339g006){#F6}

###### 

IC~50~ of YD277 in 13 different cell lines, including 7 TNBC cell lines, 2 ERα-positive breast cancer cell lines, 1 colorectal cancer cell line, and 3 control cell lines.

  Types                Cell lines   IC50 (μM)
  -------------------- ------------ -----------
  ERα+ breast cancer   MCF-7        1.5
  T-47D                2            
  TNBC                 SUM149PT     2.5
  MDA-MB-231           2            
  MDA-MB-453           6            
  MDA-MB-468           2            
  Hs578T               6            
  HCC1806              9            
  HCC1937              2            
  Normal               MCF10A       8.5
  HC11                 20           
  NIH3T3               35           
  Colorectal cancer    HCT116       10
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